The subcellular compartmentation of nucleoside diphosphate kinase (EC 2.7.4.6) and the uridine nucleotides has been studied in leaves. Membrane filtration of barley (Hordeum vulgare L.) leaf mesophyll protoplasts and differential centrifugation of spinach (Spinacia oleracea L.) leaf extracts showed that about half the nucleoside diphosphate kinase is present in the cytosol. The activity is adequate to account for the turnover of UTP and UDP during photosynthetic sucrose synthesis. Nonaqueous density gradient centrifugation of freeze-stopped, lyophilized spinach leaf material showed that the undine nucleotides are predominantly located in the cytosol and that the cytosolic UDP-glucose pool is considerably larger than the UTP or UDP pools. 
The aim of the experiments reported here was to establish the subcellular distribution of NDPK2 activity and of uridine nucleotides in leaves. Uridine nucleotides are essential for the metabolism of sucrose in the cytosol of plant cells. During sucrose synthesis, UTP is converted to UDPGlc in the reaction catalyzed by UDPGlc pyrophosphorylase, and UDP is then released in the reaction catalyzed by sucrose phosphate synthase (15) . Conversely, the mobilization of sucrose via sucrose synthase requires a net conversion of UDP to UTP (1) . Our understanding of uridine nucleotide metabolism, however, is rudimentary.
First, we do not know how UTP and UDP are interconverted. In animals, an enzyme termed NDPK catalyzes a freely reversible phosphoryl transfer between the adenine nucleotides and the other nucleotide pools (17) including the uridine nucleotides.
ATP + UDP ADP + UTP.
Although this enzyme has been reported in plants (1 1) , there have been no studies of its subcellular distribution.
Second, although there have been some studies of the levels of uridine nucleotides in heterotrophic cells (9, 10, 13) and some measurements of the levels in leaves (6, 12) , their 2Abbreviations: NDPK, nucleoside-5'-diphosphate kinase; NADP- GAPDH, NADP-dependent glyceraldehyde-3-phosphate dehydrogenase; PEPCX, phosphoenolpyruvate carboxylase; PFP, pyrophosphate: fructose-6-phosphate I-phosphotransferase; Rubisco, ribulose-1,5-bisphosphate carboxylase/oxygenase; UDPGlc, uridine diphospho/glucose. subcellular compartmentation has not yet been investigated. Most previous studies have also failed to carry out the necessary control experiments to check that the uridine nucleotides are being extracted and assayed without loss, even though it is known that the uridine nucleotides are very sensitive to acid hydrolysis (7) .
MATERIALS AND METHODS
Spinach (Spinacia oleracea, U.S. Hybrid 424) was grown in hydroponic culture as in Stitt et al. (16) , and barley (Hordeum vulgare L.) was grown as in Lilley et al. (8) .
Barley protoplasts were prepared and fractionated by membrane filtration as described previously (8) . Fractions enriched in chloroplasts, mitochondria, and cytosol were prepared from spinach leaves as follows: deribbed leaves (3 g fresh weight)
from predarkened plants were chopped with a razor blade into 500 mL ice-cold buffer containing 0.33 M sorbitol, 50 mM Hepes-KOH (pH 7.5), 4 mM EDTA, 5 mM MgCl2, 10 mm ascorbic, and 0.1 % (w/w) bovine serum albumin, homogenized (three bursts lasting 3 s each) with a Polytron, and filtered through a 100 ,M nylon net and four layers of muslin.
Samples were removed for assay (= extract), the remainder was centrifuged (1,OOOg for 15 min), and the sediment was resuspended in 5 mL extraction buffer (= 1000 g sediment).
The supernatant was recentrifuged (20,000g, 10 min), the sediment resuspended in 2 mL extraction medium (= 20,000g sediment), and the supernatant retained for assay.
NADP-GAPDH, citrate synthase, a-mannosidase, and PEPCX were assayed as described previously (3, 18 When Mg2" was added to allow activity of the subsequent enzymes, ADP was also included to suppress activity of this low contaminating activity during the UTP determination. UDPGlc pyrophosphorylase was pretreated with active charcoal to remove contaminating UTP in some commercial preparations. Using this assay, all the uridine nucleotides could be quantitatively recovered when added individually at the start of the assay. The blank reactions were negligible. This assay was only applicable in trichloroacetic acid extracts.
RESULTS

Assay of NDPK
The NDPK assay monitors the UTP-dependent conversion of ADP to ATP, using hexokinase and glucose-6-phosphate dehydrogenase as coupling enzymes. Two reactions can potentially interfere with this assay. (a) Myokinase is present in the plant extract, and as a contaminant in commercial preparations of the coupling enzymes, and could catalyze UTPindependent formation of ATP from ADP. This reaction was completely suppressed by including an excess of AMP and by working at low Mg2". We checked that the activity of NDPK itself was not increased when more Mg2" was included; inclusion of Mg2" did make the measurement more difficult because the blank (UTP-independent) rate was much higher. (b) UTP reacts with yeast hexokinase at 0.4% of the rate of ATP. Hexokinase was therefore reduced to a minimum to minimize this ATP-independent blank reaction. In the assay conditions used, there was a lag of 10 to 20 min, followed by a linear reaction for at least 40 min. The lag was due to the accumulation of ATP in the cuvette up to a point where it supported a hexokinase activity which exceeded the activity of NDPK. We checked that NADH formation during the linear part of the assay was strictly dependent on the amount of extract added in the range between 0 and 2 ,ug Chl mL-', and that activity was abolished if any of the assay components were omitted (data not shown).
Subcellular Localization of NDPK
Two different approaches were used to study the subcellular location of NDPK. First, barley leaf mesophyll protoplasts were prepared and subjected to fractionation by membrane filtration (8) . The principle of this method is as follows; protoplasts are disrupted to release intact chloroplasts and mitochondria by passing them through a 14 ,um nylon net, and the different organelles are then selectively removed on membrane filters. By including a 8 ,um filter, the chloroplasts are removed but most of the mitochondria pass through. By including a 0.45 j,m filter, most of the mitochondria can be removed, too. A control filtration is also carried out, in which intact protoplasts are passed very slowly ( 1-2 min) through a filter holder containing both filters. The intact protoplasts are retained on the nylon net, and the filtrate provides a control that there are not large amounts of enzyme in the medium due to broken protoplasts or organelles. The results are summarized in Table I . The enzyme activities are given as a percentage of the activities in the unfractionated protoplast suspension. In one experiment the distribution of Rubisco was determined and found to be the same as that of NADP-GAPDH (data not shown). The activity in the medium was always under 10% of the total, and has already been subtracted. It is evident that (a) about half of the NDPK activity is removed with the chloroplasts, and (b) almost all the remaining activity is still found in the filtrate after removing the mitochondria.
In a second approach, spinach leaves were homogenized in isotonic medium and fractions enriched in the chloroplasts, mitochondria, and cytosol were prepared by differential cen- 
Subcellular Distribution of the Uridine Nucleotides
Uridine nucleotides were measured using a new coupled enzyme assay in samples prepared in trichloroacetic acid (12) . We have previously shown that small amounts of uridine nucleotides can be quantitatively recovered through this extraction and assay procedure (12) . The overall content of UDPGlc, UTP, UDP, and UMP in the following experiments was 90, 17, 10, and 8 nmol mg Chl-', respectively. Due to the low level and slow kinetics of the assay, reliable measurements of the subcellular distribution of UMP were not possible.
The subcellular distribution of UDPGlc, UTP, and UDP was studied using nonaqueous density gradient centrifugation (3, 18) . Spinach leaf material was preilluminated (300 Mmol quanta m-2 min-' in ambient C02), quenched and powdered in liquid N2, lyophilized at -55°C, ultrasonicated in a heptane-carbon tetrachloride mixture, and then centrifuged in a density gradient of hexane and carbon tetrachloride. The enzymes and metabolites in a given subcellular compartment precipitate together as the cell tissue is lyophilized, and the fragments generated by sonication differ in their density, depending upon the protein, liquid, and salt constituents of the cellular region from which they derive. Following centrifugation, the gradient is divided into eight fractions. An aliquot of each fraction is used to measure the distribution of marker enzymes. Another aliquot if extracted at -65°C in trichloroacetic acid and used to measure the distribution of uridine nucleotides (Table III) .
Material from the chloroplasts is enriched at the top of the gradient, peaking in fraction III, material from the mitochondria is spread over the middle of the gradient, and material from the cytosol near the bottom of the gradient, peaking in fraction VI. Vacuolar material is markedly enriched in fraction VII. All the uridine nucleotides showed a clear maximum in fraction VI, which is consistent with a predominantly cytosolic location. The levels of the uridine nucleotides are slightly higher in the upper part of the gradient, and slightly lower in the basal part of the gradient, than the cytosolic marker. This suggests a small proportion could be located in another compartment. Linear regression plots (3, 18) of the NADP-GAPDH/PFP ratio against the metabolite/PFP ratio suggested that about 90, 73, and 69% of the UDPGlc, UTP, and UDP are present in the cytosol (Fig. 1) . This suggests maximal levels of UTP and UDP in the cytosol of about 0.7 and 0.35 mm (assuming a cytosolic volume of 20 ,uL mg Chl-'), compared to a UDPGlc concentration of about 4.5 mm. However, these values are only approximate, because some of the uridine nucleotides might also be in the mitochondria, which are not well resolved on these gradients. Regression plots of the distribution of enzymes and uridine nucleotides in fractions from nonaqueous density centrifugation of spinach leaves. The intercept at the y axis represents the proportion of each metabolite in the cytosol and the slope the proportion in the stroma (13, 14) . Fractions 1-3, which contained only small amounts of uridine nucleotides, have been combined.
Chl-' h-' at 200C (12, 16) . NDPK activity in the cytosol is 2.5-to 6-fold higher, and is therefore adequate to cope with the reconversion of UDP to UTP.
The presence of a cytosolic NDPK would also provide a simple hypothesis to explain how uridine nucleotides are recycled during sucrose breakdown via sucrose synthase. Alternative schemes have been postulated to allow uridine nucleotides to be recycled, which involve the use of uridine nucleotides instead of adenine nucleotides by enzymes like phosphofructokinase and hexokinases (2, 5) . Although these indirect routes could also contribute, NDPK provides a simpler and direct route for transfenng energy between the adenine and undine nucleotide systems.
The vast majority of the uridine nucleotides in the cytosol are present as UDPGlc, reflecting the prime function of this nucleotide system in providing activated precursors ofglucose for biosynthesis. While the total uridine nucleotide pool (about 120 nmol mg Chl'), is larger than the cytosolic adenine nucleotide pool (about 45 nmol mg Chl', ref. 8 ), up to four-fifths of the uridine nucleotides are present as UDPGlc. Consequently, the maximal cytosolic concentration of UTP (about 0.7 mM) is much lower than that of ATP (2 mM). This should be borne in mind when estimating the possible contribution of UTP as an energy donor for other enzymes.
The large proportion of the uridine nucleotides present as UDPGlc also has interesting consequences for the regulation of sucrose synthesis. Sucrose phosphate synthase has a relatively poor (4-8 mM) Km for UDPGlc (15) and is therefore likely to be limited by the UDPGlc levels in the cytosol. Since the reaction catalyzed by UDPGlc pyrophosphorylase is close to equilibrium (12, 15, 18) the UDPGlc/UTP ratio will depend on the concentration of PPi in the cytosol, underlining the importance of the reactions which remove PPi. The UDPGlc concentration could also, potentially, be regulated by altering the size of the total uridine nucleotide pool. We will show elsewhere that changes of PPi and of the total uridine nucleotide pool can indeed lead to profound changes in the rate of sucrose synthesis (12; HE Neuhaus, M Stitt, unpublished data).
